Haramizu S, Ota N, Hase T, Murase T. Catechins attenuate eccentric exercise-induced inflammation and loss of force production in muscle in senescence-accelerated mice. J Appl Physiol 111: 1654-1663, 2011. First published September 8, 2011 doi:10.1152/japplphysiol.01434.2010Catechins have a great variety of biological actions. We evaluated the potential benefits of catechin ingestion on muscle contractile properties, oxidative stress, and inflammation following downhill running, which is a typical eccentric exercise, in senescence-accelerated prone mice (SAMP). Downhill running (13 m/min for 60 min; 16°decline) induced a greater decrease in the contractile force of soleus muscle and in Ca 2ϩ -ATPase activity in SAMP1 compared with the senescence-resistant mice (SAMR1). Moreover, compared with SAMR1, SAMP1 showed greater downhill running-induced increases in plasma CPK and LDH activity, malondialdehyde, and carbonylated protein as markers of oxidative stress; and in protein and mRNA expression levels of the inflammatory mediators such as tumor necrosis factor-␣ and monocyte chemoattractant protein-1 in muscle. SAMP1 exhibited aging-associated vulnerability to oxidative stress and inflammation in muscle induced by downhill running. Long-term (8 wk) catechin ingestion significantly attenuated the downhill running-induced decrease in muscle force and the increased inflammatory mediators in both plasma and gastrocnemius muscle. Furthermore, catechins significantly inhibited the increase in oxidative stress markers immediately after downhill running, accompanied by an increase in glutathione reductase activity. These findings suggest that longterm catechin ingestion attenuates the aging-associated loss of force production, oxidative stress, and inflammation in muscle after exercise.
We evaluated the potential benefits of catechin ingestion on muscle contractile properties, oxidative stress, and inflammation following downhill running, which is a typical eccentric exercise, in senescence-accelerated prone mice (SAMP). Downhill running (13 m/min for 60 min; 16°decline) induced a greater decrease in the contractile force of soleus muscle and in Ca 2ϩ -ATPase activity in SAMP1 compared with the senescence-resistant mice (SAMR1). Moreover, compared with SAMR1, SAMP1 showed greater downhill running-induced increases in plasma CPK and LDH activity, malondialdehyde, and carbonylated protein as markers of oxidative stress; and in protein and mRNA expression levels of the inflammatory mediators such as tumor necrosis factor-␣ and monocyte chemoattractant protein-1 in muscle. SAMP1 exhibited aging-associated vulnerability to oxidative stress and inflammation in muscle induced by downhill running. Long-term (8 wk) catechin ingestion significantly attenuated the downhill running-induced decrease in muscle force and the increased inflammatory mediators in both plasma and gastrocnemius muscle. Furthermore, catechins significantly inhibited the increase in oxidative stress markers immediately after downhill running, accompanied by an increase in glutathione reductase activity. These findings suggest that longterm catechin ingestion attenuates the aging-associated loss of force production, oxidative stress, and inflammation in muscle after exercise.
aging; contractile force; downhill running; oxidative stress; SAMP1 INTENSIVE EXERCISE leads to reduced muscle force depending on the intensity, duration, and mechanics of contractions such as isometric and isokinetics (1, 2) . The loss of this force-producing capacity within exercising muscle due to a lack of energy or dysfunction of ion channels is generally defined as muscle fatigue (2, 28) . A decline in muscle force is also caused by muscle injury characterized by structural abnormalities, including sarcomeric disorders and membrane damage resulting in the loss of soluble enzymes such as creatine kinase and the release of inflammatory cytokines. Recovery from muscle fatigue usually occurs within the first few hours after exercise, whereas recovery from muscle injury progresses very slowly and involves the activation of satellite cells and the regeneration of damaged fibers (2, 4) . Aging decreases muscle force production during dynamic contractions (6, 45) and delays recovery following muscle damage concomitant with a prolonged deficit in force production (46) . Aging-associated susceptibility to muscle fatigue or damage leads to a loss of muscle function, which results in a high incidence of accidental falls and injuries (18) . Therefore, the importance of fatigue resistance in older individuals has gained increasing recognition toward improving the quality of life.
Muscle fatigue is historically thought to be due to increases in blood lactate and subsequent acidosis in the muscle. Recent reports, however, demonstrated that lactate does not induce muscle fatigue (49) and rather that lactate accumulation and intracellular acidosis in muscle have protective effects against fatigue (3, 44) . Alternatively, reactive oxygen species (ROS), inflammatory cytokines, and disturbances of ionic homeostasis in the muscle are responsible for muscle fatigue (2, 16) . ROS in particular are a major contributing factor to muscle fatigue or muscle damage-induced muscle weakness (48) . Oxidative stress caused by exercise, muscle injury, and disease decreases contractile force (2, 14, 58) . Moreover, a muscle contractile dysfunction is accompanied by oxidative modifications as evidenced by an increase in carbonylated protein (62) . These findings indicate that attenuation of oxidative stress might suppress muscle fatigue. In fact, the administration of N-acetylcysteine (NAC) alleviates fatigue in isolated muscles in animals as well as humans (27, 42) . On the other hand, there is little evidence for a beneficial impact of antioxidants on muscle contractile properties (15) and therefore the efficacy of antioxidants remains controversial.
Green tea contains a series of polyphenols known as catechins including epigallocatechin gallate, epicatechin gallate, gallocatechin, epigallocatechin, and others. Catechins have a great variety of properties such as antioxidant activity (12) , antifungal activity (22) , anticarcinogenic activity (30), antiatherogenic effects (13) , and antiobesity effects (36) . Moreover, both green tea extract and epigallocatechin gallate protect the muscles in a mouse model of Duchenne muscular dystrophy from massive necrosis and contractile dysfunction (9, 19) . Thus, increasing interest in the application of catechins for health benefits continues to increase (10) .
In the course of our studies of the nutritional and physiological functions of catechins, we have demonstrated that catechin intake combined with habitual exercise is beneficial for both improving endurance capacity and for preventing diet-induced obesity in mice through enhancing fat oxidation (37, 38) . More recently, we reported that catechins stimulate energy metabolism by activating of the AMP-activated protein kinase pathway in the liver (40) .
The senescence-accelerated mouse (SAM) exhibits several accelerated aging characteristics and is widely used in aging research (60) . SAM comprises two strains, senescence-accelerated prone mice (SAMP) and senescence-accelerated resistant mice (SAMR). Compared with SAMR strains, which are the strain that ages normally, the SAMP strains show a rapid progression of senescence, a higher oxidative stress, impaired mitochondrial function, a loss of behavioral activity, muscle atrophy, and a shorter life span (17, 24, 51, 53, 60, 61) . These characteristics observed in the SAMP are similar to those observed in human aging and therefore SAMP are considered to be useful models for aging research (60, 61) .
We previously reported that long-term intake of catechins suppresses the aging-associated decline in running endurance capacity in SAMP1, maintains higher fatty acid oxidation activity in the muscle, and attenuates the increase in oxidative stress in the muscle (41) . Given that oxidative stress and metabolic activity are factors that determine muscle contractile properties, catechins might attenuate loss of muscle force production with aging or exercise by suppressing the increase in oxidative stress. Therefore, in the present study, we focused on muscle contractile properties, another aspect of physical performance. Here, we aimed to clarify and compare the differences between SAMP1 and SAMR1 regarding the effect of accelerated aging on muscle properties, such as contractile force production, and Ca 2ϩ -and Na ϩ -K ϩ -ATPase activities after downhill running, which is a typical eccentric exercise, to induce muscle injury, oxidative stress, and inflammation (16, 29) , and to evaluate the potential benefits of catechin intake. Moreover, we examined the effect of catechins on inflammation and oxidative stress in the muscle. The findings reported here will provide a better understanding of nutritional strategies that might attenuate the aging-associated higher susceptibility of muscle to stressful exercise and maintain muscle performance in elderly persons.
MATERIALS AND METHODS

Catechins.
Catechins were prepared and analyzed as described previously (37) . The catechins used in this study comprised epigallocatechin gallate (33%), epigallocatechin (19%), epicatechin gallate (10%), epicatechin (7%), gallocatechin (6%), gallocatechin gallate (3%), and others (3%).
Experimental animals. Male 13-wk-old SAMR1 and SAMP1 were purchased from Japan SLC (Hamamatsu, Japan) and maintained under controlled conditions of temperature (23 Ϯ 2°C), humidity (55 Ϯ 10%), and lighting (lights on from 0700 to 1900) conditions. They were fed with a laboratory chow (CE-2, CLEA Japan, Tokyo) and had free access to drinking water for maintenance. At the age of 43 wk, all mice were allowed to unlimited access to a synthetic diet containing 10% (wt/wt) fat, 20% casein, 55.5% potato starch, 8.1% cellulose, 2.2% vitamins, 0.2% methionine, and 4% minerals as a control diet to stabilize their metabolic condition.
Experimental design. Schematic representation was shown in Fig. 1 . At the age of 47 wk, all mice were weighed and self-injurious mice, i.e., those with visible injury, were removed from this study. Moreover, the SAMP1 mice and SAMR1 mice whose body weight was 18% heavier or lighter and 10% heavier or lighter, respectively, than the average were also removed to reduce the individual differences in body weight. Then, 20 of 40 SAMR1 and 30 of 40 SAMP1 with similar body weights were selected. The SAMP1 were divided into three groups (SAMP1-Cont, control diet ϩ no downhill exercise; SAMP1-Down, control diet ϩ downhill exercise; SAMP1-Cat, catechins diet ϩ catechins ϩ downhill exercise; n ϭ 10 per group). The SAMR1 were divided into two groups (SAMR1-Cont, control diet ϩ no downhill exercise; SAMR1-Down, control diet ϩ downhill exercise; n ϭ 10 per group). The mice were given either a control diet containing 0.35% catechins or a control diet without catechins for 8 wk. All mice were individually housed in plastic cages containing a nest box (Shepherd Specialty Papers, Watertown, TN) to reduce stress and fighting. Food intake was measured throughout the experimental period using a Roden Café (Oriental Yeast, Tokyo, Japan). During the experiments, the animals were cared for in the experimental animal facility of Kao Tochigi Institute. The Animal Care Committee of Kao Tochigi Institute approved the present study. All experiments strictly followed the guidelines of that committee.
Downhill exercise protocol. A 10-lane motorized rodent treadmill (MK-680, Muromachi Kikai, Tokyo) was used for downhill running. At the age of 48 -49 wk, all mice were placed on an unmoving treadmill at an incline of Ϫ16°for 10 min and then run at 10 m/min for 10 min three times per week to acclimate them to the downhill exercise condition. We used this brief acclimation program to prevent any training adaptation that would attenuate muscle damage induced by exercise. On the final day of the experiment (at the age of 55 wk), a subset of mice (SAMR1-Down, SAMP1-Down, SAMP1-Cat) were run on the treadmill according to the eccentric running protocol (13 m/min for 60 min, Ϫ16°), which was previously reported to induce decrease in muscle contractile force in mice (32) .
Body and skeletal muscle weight. Blood was collected from the mice either in the resting condition (SAMR1-Cont and SAMP1-Cont) or immediately after downhill running (SAMR1-Down, SAMP1-Down, and SAMP1-Cat) via the postcaval vein under anesthesia with sevoflurane (Sevofran, Maruishi Pharmaceutical, Osaka, Japan) inhalation. Immediately after blood collection, the muscles (gastrocnemius, soleus, and plantaris) were dissected and muscle weights measured. Muscles were stored at Ϫ80°C until subsequent analyses. The mice without treadmill running (SAMR1-Cont and SAMP1-Cont group) were fasted for the 60 min that the mice in the SAMR1-Down, SAMP1-Down, and SAMP1-Cat groups were running to minimize the difference in feeding conditions between groups.
Biochemical analysis. The numbers of erythrocytes, leukocytes, and platelets, hemoglobin concentration, and hematocrit in heparinized blood were measured using an automatic hematocytometer (Celltac MEK-5258, Nihon Kohden). Plasma was obtained from the blood by centrifugation at 5,000 rpm for 15 min. Plasma concentrations of glucose, triglyceride, nonesterified fatty acid (NEFA), glutamate oxaloacetate transaminase (GOT), glutamic pyruvic transaminase (GPT), total and HDL-cholesterol, lactate, lactate dehydrogenase (LDH), and ketone body were measured using N-
, and T-KB-H assay kits (Nittobo Medical, Tokyo), respectively. Plasma creatine phosphokinase (CPK) was Fig. 1 . Schematic representation of the study flow. SAMP, senescenceaccelerated prone mice; SAMR, senescence-accelerated resistant mice. SAMP1-Cont, control diet ϩ no downhill exercise; SAMP1-Down, control diet ϩ downhill exercise; SAMP1-Cat, catechins diet ϩ downhill exercise; SAMR1-Cont, control diet ϩ no downhill exercise; SAMR1-Down, control diet ϩ downhill exercise. At the age of 43 wk, all mice were allowed to unlimited access to control diet to stabilize their metabolic condition. Then mice were fed with control diet or catechins diet for 8 wk. On the final day of the experiment, mice in SAMP1-Down, SAMP1-Cat, and SAMR1-Down groups were run on the treadmill at an inclination of Ϫ16°to induce fatigue. measured using the CPKII-test (WAKO Pure Chemical Industries, Osaka, Japan). Plasma insulin-like growth factor (IGF)-1 levels were measured using a mouse IGF-1 immunoassay (R&D Systems, Minneapolis, MN). Plasma malondialdehyde (MDA) level was measured by MDA standards using an OXI-TEK TBARS Assay kit (ALEXIS, Lausen, Switzerland). Plasma total glutathione levels were measured using the Total Glutathione Quantification kit (Dojindo Molecular Technologies, Kumamoto, Japan). Plasma interleukin (IL)-6, IL-1␤, and IL-10 concentrations were measured using a Milliplex Mouse Cytokine/Chemokine Panel (Millipore Headquarters, Billerica, MA) with a Bio-Plex Suspension Array System (Bio-Rad Laboratories, Hercules, CA). All measurements were performed according to the manufacturer's instructions.
Contractile force of soleus muscle induced by electrical stimulation. Muscle force measurements were performed as previously described (11, 31) . The soleus muscle of the right leg was quickly isolated. The muscle was anchored horizontally between two hooks, one fixed and one attached to an isometric force transducer (World Precision Instruments, Sarasota, FL) and immersed in a Krebs solution of the following composition: 119.7 mM NaCl, 4.5 mM KCl, 0.5 mM MgCl 2, 0.7 mM Na2HPO4, 1.5 mM NaH2PO4, 15 mM NaHCO3, 2.5 mM CaCl2, 10 mM D-glucose; pH 7.3 Ϯ 0.1. The solution was continuously bubbled with 95% O2-5% CO2 at 37°C. The muscle was electrically stimulated with a stimulus-isolation unit (SEN-3301, Nihon Kohden) and the twitch optimal length was set. Twitch force was measured with single pulse, and tetanus responses were induced with a 0.2-ms pulse (140 Hz) for 330 ms once every 2 s and digitally recorded for 2 min using a bridge amplifier and data acquisition system (Quad-16I, World Precision Instruments). Data were analyzed by a Data-Trax (World Precision Instruments).
Preparation of muscle homogenate. The gastrocnemius and soleus homogenates were isolated as previously described (34) . In brief, frozen muscle was homogenized on ice using a Physcotron homogenizer (NS-310E; Microtech, Chiba, Japan) in 250 mM sucrose, 2 mM EDTA in 10 mM Tris (pH 7.4). Subcellular debris was removed by centrifugation at 10,000 rpm for 10 min at 4°C, and the resulting supernatants were used in subsequent assays. Supernatant protein concentrations were determined using a BCA protein assay kit (Pierce, Rockford, IL).
Measurement for Ca 2ϩ -and Na ϩ -K ϩ -ATPase activity. Ca 2ϩ -ATPase activity from the soleus homogenate was spectrophotometrically measured as described previously with minor modifications (54) . In brief, reaction buffer (1 mM EGTA, 20 mM HEPES, 200 mM KCl, 15 mM MgCl 2, 10 mM NaN3, 0.4 mM NADH, 10 mM phosphoenolpyruvate, 0.8 mM CaCl2, 18 U/ml pyruvate kinase, 18 U/ml lactate dehydrogenase, and 4 g/ml Ca 2ϩ ionophore A23187, pH 7.1) was added to the homogenate, and the mixture was incubated for 3 min at 37°C. Assays were started by adding ATP to a final concentration of 5 mM and then the rate of ATP hydrolysis induced by the NADH oxidation was calculated based on the spectrophotometric absorbance under 340 nm. Finally, the CaCl 2 was increased to 20 mM to selectively inhibit sarcoplasmic reticulum Ca 2ϩ -ATPase activity selectively. The remaining activity was defined as the background ATPase activity, and the activity of Ca 2ϩ -ATPase was calculated as the difference between total and background ATPase activities. Na ϩ -K ϩ -ATPase activity was measured using a SensoLyte pnitrophenyl palmitate (pNPP) Protein Phosphatase assay kit (Anaspec, San Jose, CA) as described previously (55) . In brief, reaction buffer (4 mM MgCl 2, 0.5 mM EGTA, 5 mM creatinine phosphate, 80 mM Tris-HCl, 10 mM KCl, pH 7.2) containing pNPP stock solution was added to the soleus homogenate. Dephosphorylation of pNPP was Values are means Ϯ SE of 10 mice. SAMP, senescence-accelerated prone mice; SAMR, senescence-accelerated resistant mice (SAMR). SAMP1-Cont, control diet ϩ no downhill exercise; SAMP1-Down, control diet ϩ downhill exercise; SAMP1-Cat, catechins diet ϩ downhill exercise; SAMR1-Cont, control diet ϩ no downhill exercise; SAMR1-Down, control diet ϩ downhill exercise. ***P Ͻ 0.001, Significant difference between SAMR1-Cont and SAMP1-Cont and between SAMR1-Down and SAMP1-Down by unpaired t-test after a significant strain effect was detected by two-way ANOVA. immediately after downhill running exercise. The twitch-and tetanic-contractile force of the isolated soleus muscle was measured as described in MATERI-ALS AND METHODS. Values are means Ϯ SE of 5 mice. *P Ͻ 0.05, significant difference between SAMR1-Cont and SAMP1-Cont by unpaired t-test after a significant strain effect was detected by 2-way ANOVA. #P Ͻ 0.05, significant difference between SAMR1-Cont and SAMR1-Down and between SAMP1-Cont and SAMP1-Down, by unpaired t-test after a significant exercise effect was detected by 2-way ANOVA. †P Ͻ 0.05, significant difference vs. SAMP1-Down by 1-way ANOVA and Fisher's test. monitored by measuring the colorimetric pNPP product every 5 min for 30 min in a 96-well plate reader at 405 nm. Phosphatase activity was calculated as the slope of absorbance recordings and expressed as arbitrary absorbance units per microgram of protein.
MDA, carbonylated protein, tumor necrosis factor (TNF)-␣, and monocyte chemoattractant protein (MCP)-1 contents in gastrocnemius muscle.
MDA and carbonylated protein contents from the gastrocnemius homogenate were measured by MDA standards using an OXI-TEK TBARS Assay kit (ALEXIS) and Protein Carbonyl Assay kit (Cayman Chemical, Ann Arbor, MI), respectively. TNF-␣ content was measured using a mouse TNF-␣ ELISA kit (Invitrogen, Carlsbad, CA). MCP-1 content was measured using a mouse MCP-1 ELISA kit (Bender Medsystems, Vienna, Austria). Each value was normalized to muscle protein concentration determined by a BCA protein Assay (Pierce).
Measurement of glutathione (GSH) and oxidized glutathione (GSSG).
GSH and GSSG were measured as described previously (52) . In brief, gastrocnemius muscle was homogenized in ice-cold 5% metaphosphoric acid for the GSH sample, and in ice-cold 5% metaphosphoric acid containing 1-methyl-2-vinylpyridinium trifluoromethanesulfonate for the GSSG sample. GSH and GSSG contents in homogenates were measured using A BIOXYTECH GSH/GSSG-412 assay (Oxis International, Foster City, CA). The values of GSH and GSSG were normalized to the muscle protein concentration. The GSH/GSSG ratio was calculated from each value.
Catalase, superoxide dismutase (SOD), glutathione peroxidase (GPx), and glutathione reductase (GR) activity measurement. Catalase activity was measured using a Catalase Assay Kit (Cayman). SOD activity was determined using a SOD Assay Kit (Cayman). GPx and GR activity was measured using a Glutathione Peroxidase Assay Kit and a Glutathione Reductase Assay Kit (Cayman), respectively. Each value was normalized to the muscle protein concentration.
RNA extraction and reverse transcription-polymerase chain reaction. Total RNA was isolated from frozen gastrocnemius using an RNeasy Fibrous Tissue Mini Kit (Qiagen K.K., Tokyo, Japan) according to the manufacturer's instructions. Reverse transcription was performed with oligo(dT) 18 . The mRNA expression levels in the muscle and adipose tissue were detected by real-time polymerase chain reaction (PCR) with SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) as described previously (20) . The mRNA level was normalized to 36B4 level. The following mouse-specific primer sequences were used: TNF-␣ forward, CCCACGTCGTAG-CAAACCAC; TNF-␣ reverse, AAGGTACAACCCATCGGCTG; MCP-1 forward, AGCAGCAGGTGTCCCAAAGA; MCP-1 reverse, TCATTTGGTTCCGATCCAGG.
Statistical analysis. All values are presented as means Ϯ SE. Statistical analysis was conducted using the StatView 5.0 software package (SAS Institute, Cary, NC). Comparisons of the data between SAMR1 and SAMP1 were made using a two-way analysis of variance (ANOVA) to evaluate the main effect of strain and exercise, respectively, and the strain ϫ exercise interaction. When the two-way ANOVA indicated a significant main effect of strain, comparisons between SAMR1-Cont and SAMP1-Cont, and between SAMR1-Down and SAMP1-Down were made using an unpaired t-test. When the two-way ANOVA indicated a significant main effect of exercise, comparisons between SAMR1-Cont and SAMR1-Down and between SAMP1-Cont and SAMP1-Down were made using unpaired t-test. When two-way ANOVA indicated a significant interaction of strain ϫ exercise, comparisons among SAMR1-Cont, SAMR1-Down, SAMP1-Cont, and SAMP1-Down were made using a TukeyKramer's test. Comparisons of the data between SAMP1 groups were made using one-way ANOVA and a Fisher's protected least signifi- cant difference test. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Catechins have no effect on muscle weight in SAMP1. Body weight and tissue weights are shown in Table 1 . The weights of gastrocnemius, quadriceps, and plantaris muscles were significantly lower in SAMP1 compared with those in SAMR1 (main effect of strain, P Ͻ 0.0001). There were no differences in muscle weight among SAMP1 groups, indicating that catechins did not influence the aging-accelerated decrease in muscle weight. This observation was consistent with our previous report (41) . No differences were observed in body weight or food intake between groups.
Catechins attenuate loss of muscle force production immediately after downhill running exercise. The twitch contractile force in nonexercising muscle from SAMP1-Cont was significantly lower than that from SAMR1-Cont ( Fig. 2A , main effect of strain, P Ͻ 0.05). In addition, the twitch contractile force decreased significantly immediately after downhill running, notably in SAMP1 (main effect of exercise, P Ͻ 0.05). As with the twitch contractile force, the tetanic force in nonexercising muscle from SAMP1-Cont was significantly lower than that from SAMR1-Cont (Fig. 2B , main effect of strain, P Ͻ 0.05) although the fatigability, defined as half the time taken for tension to decline 50% that of the initial twitch force during tetanic stimulation, was not different between SAMP1-Cont (54.0 Ϯ 7.2 s) and SAMR1-Cont (65.4 Ϯ 11.1 s). These results suggest that SAMP1 produce less contractile force in nonexercising muscle as well as immediately after downhill running. Downhill running significantly decreased the tetanic muscle force in both SAMR1 and SAMP1 (main effect of exercise, P Ͻ 0.05), and intake of catechins significantly attenuated the downhill-running induced decrease of tetanic muscle force in SAMP1 (Fig. 2B) .
Catechins attenuate downhill exercise-induced decreases in Ca 2ϩ -ATPase activity. Ca 2ϩ -and Na ϩ -K ϩ -ATPase activities decrease when loss of muscle force production occurs (26, 35) . Consistent with previous reports, Ca 2ϩ -ATPase activity significantly decreased and the downhill exercise-induced decrease in Ca 2ϩ -ATPase activity was significantly attenuated by catechin ingestion (Fig. 3A, strain effect, exercise effect, and strain ϫ exercise interaction, respectively, P Ͻ 0.05). On the other hand, Na ϩ -K ϩ -ATPase activity significantly decreased following downhill running, particularly in SAMP1 (Fig. 3B , main effect of exercise, P Ͻ 0.05). Na ϩ -K ϩ -ATPase activity in sedentary and immediately after exercise in SAMR1 was significantly higher than that in SAMP1 (main effect of strain, P Ͻ 0.05). Catechins did not affect Na ϩ -K ϩ -ATPase activity. The mRNA expression level of SERCA2 and the Na ϩ -K ϩ pump was not affected by downhill running or catechin intake (data not shown).
Catechin intake attenuates downhill exercise-induced increase in muscle injury markers. Plasma CPK and LDH activity levels as indirect markers of muscle injury (25) increased significantly following downhill running, especially in SAMP1 (Fig. 4 , strain effect, exercise effect, and strain ϫ exercise interaction, respectively, P Ͻ 0.05). The downhill running-induced increases in CPK and LDH activity levels were significantly attenuated by catechin intake. Values are means Ϯ SE of 10 mice. NEFA, nonesterified fatty acid; GOT, glutamate oxaloacetate transaminase; GPT, glutamic pyruvic transaminase; MDA, malondialdehyde. Means with different superscripts (a, b, c) are significantly different, P Ͻ 0.05 by Tukey-Kramer's test after a significant strain x exercise interaction was detected by 2-way ANOVA. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001: significant difference between SAMR1-Cont and SAMP1-Cont and between SAMR1-Down and SAMP1-Down by unpaired t-test after a significant strain effect was detected by 2-way ANOVA. #P Ͻ 0.05, ##P Ͻ 0.01, and ###P Ͻ 0.001: significant difference between SAMR1-Cont and SAMR1-Down and between SAMP1-Cont and SAMP1-Down by unpaired t-test after a significant exercise effect was detected by 2-way ANOVA. $P Ͻ 0.05 and †P Ͻ 0.05: significant difference versus SAMP1-Cont and SAMP1-Down, respectively, by one-way ANOVA and Fisher's test.
Catechin intake attenuates downhill exercise-induced increases in GOT, GPT, MDA, and IL-6.
The results of the plasma and blood analyses are shown in Table 2 . Plasma NEFA and ketone bodies were increased by downhill running, particularly in SAMR1 compared with SAMP1 (main effect of strain, P Ͻ 0.05), suggesting a lower supply of energy from NEFA during exercise in SAMP1. On the other hand, NEFA levels in SAMP1-Cat were significantly higher than those in the other SAMP1 groups, consistent with a previous report that catechins increase serum NEFA levels during exercise (37, 39) . The levels of GOT, GPT, and MDA were significantly lower in SAMR1 than in SAMP1 and significantly increased by downhill running, notably in SAMP1 (main effect of exercise, P Ͻ 0.05). IL-6 were significantly increased by downhill running in both SAMR1 and SAMP1 (strain effect, exercise effect, and strain ϫ exercise interaction, respectively, P Ͻ 0.05). The exercise-induced increase in GOT, GPT, MDA, and IL-6 levels was significantly attenuated by catechin consumption. In contrast, a significant increase in IL-10, which is anti-inflammation cytokine, was increased by downhill running in both SAMR1 and SAMP1 (main effect of exercise, P Ͻ 0.05) and the exercise-induced increase in IL-10 levels was significantly enhanced by catechin consumption. HDL-cholesterol and IGF-1 levels were significantly higher in SAMR1 groups compared with SAMP1-Cont (main effect of strain, P Ͻ 0.05), but neither downhill running nor catechin intake affected these levels. Total glutathione in SAMP1-Cont was significantly lower than that in SAMR1-Cont (main effect of strain, P Ͻ 0.05) and downhill running significantly decreased total glutathione only in SAMP1 (main effect of exercise, P Ͻ 0.05). Glucose level was significantly higher in SAMP1 than that in SAMR1 in sedentary condition (main effect of strain, P Ͻ 0.05), and downhill running increased that level only in SAMR1 (main effect of exercise, P Ͻ 0.05). There were no differences in lactate, triglyceride, total cholesterol, and IL-1␤ levels between the groups. Blood erythrocyte and hemoglobin levels were significantly higher in SAMR1 than in SAMP1 (main effect of strain, P Ͻ 0.05), suggesting the decreased ability to transport oxygen in SAMP1. There were no differences in leukocyte, hematocrit, or platelet levels between the groups.
Catechin intake attenuates downhill exercise-induced oxidative stress and inflammation in muscle. To clarify the effect of catechins on downhill exercise-induced oxidative stress and inflammation in muscle, we measured MDA and carbonylated protein contents as oxidative stress markers, and TNF-␣ and MCP-1 contents as inflammation markers in the gastrocnemius muscle. Downhill running significantly increased muscle MDA in SAMP1, whereas such an increase was not detected in SAMR1 (Fig. 5A , main effect of exercise, P Ͻ 0.05). The carbonylated protein levels in nonexercising and exercising muscle from SAMP1-Cont were significantly higher than that in SAMR1 (main effect of strain, P Ͻ 0.05), and downhill running significantly increased carbonylated protein levels notably in SAMP1 (Fig. 5B , main effect of exercise, P Ͻ 0.05). The downhill running-induced increase in oxidative stress markers was significantly attenuated by catechin consumption. On the other hand, TNF-␣ and MCP-1 contents in nonexercised muscle from SAMP1 were significantly higher than those in SAMR1-Cont (Fig. 6, A and B , main effect of strain, P Ͻ 0.05), suggesting that inflammation has occurred earlier with advancing aging in the muscle from SAMP1 in the nonexercising condition. Moreover, TNF-␣ and MCP-1 levels were significantly increased in SAMP1 immediately after downhill running, and catechins significantly attenuated the increase in inflammation markers. We further examined the transcriptional level of these mediators because they are reported to increase with exercise (43) . The mRNA expression levels of TNF-␣ and MCP-1 significantly increased especially in SAMP1 immediately after downhill running (Fig. 6, C and D, main effect of exercise, P Ͻ 0.05). Catechin consumption significantly attenuated the downhill running-induced increase in their mRNA expression levels (Fig. 6, C and D) .
Catechin intake regulates the GSH/GSSG ratio in muscle. GSH and GSSG are biologically important intracellular thiols, and the GSH/GSSG ratio is a primary determinant of the cellular redox state. The GSH level in the SAMR1 was significantly higher than that in SAMP1 (main effect of strain, P Ͻ 0.05) whereas there was no difference in the GSSG level ( Table 3 ). The GSH/GSSG ratio in both nonexercising and exercising muscle was significantly higher in SAMR1 compared with that in SAMP1 (main effect of strain, P Ͻ 0.05), suggesting that SAMP1 has less ability to modulate oxidative stress. Moreover, downhill running induced a significant decrease in the GSH/GSSG ratio notably in SAMP1 (main effect of exercise, P Ͻ 0.05), and this decrease was slightly but significantly attenuated by catechin consumption. The GPx activity was significantly higher in SAMP1 compared with that in SAMR1, and the GR activity was significantly lower in SAMP1 (main effect of strain, P Ͻ 0.05). The significant decrease of GR activity induced by downhill running was seen only in SAMP1 and that in SAMP1-Cat remained significantly higher than that in SAMP1-Down, suggesting that attenuation of the downhill exercise-induced increase in GSH/GSSG ratio by catechins was, at least in part, due to the higher GR activity. SOD activity was significantly higher in SAMP1 than that in the SAMR1 (main effect of strain, P Ͻ 0.05). In addition, neither downhill running nor catechin intake affects GPx, SOD, and catalase activity.
DISCUSSION
Exercise is well known to reduce muscle force production depending on the exercise type, intensity, and duration. In particular, muscle contraction (e.g., that induced by downhill running) produces greater damage (16) . The induction of muscle damage following a bout of downhill running is characterized by increased muscle injury markers such as CPK (25) and inflammatory cytokines (16) , and structural alteration of muscle fibers (21) .
In the present study, SAMP1 had significantly lower twitchand tetanic-contractile force compared with SAMR1-Cont in nonexercising muscle. Downhill running significantly decreased contractile force concomitant with increased plasma CPK and LDH, particularly in SAMP1, suggesting that greater muscle damage occurred and is related to the decreased muscle force in SAMP1. The muscle damage in SAMP1 may be due to both the lower muscle to body weight ratio and the lower muscle force production. These results suggest that aging is associated with higher susceptibility to the muscle-damaging effects of downhill running, leading to the decreased muscle force production. Catechin consumption, however, markedly attenuated the downhill running-induced decrease in muscle contractile force and suppressed the increases in plasma CPK and LDH in SAMP1, suggesting that catechins counteract injurious exercise, partly through attenuating muscle damage. In our preliminary study, catechins did not improve basal Fig. 6 . Effect of catechins on the protein and mRNA expression levels of TNF-␣ and monocyte chemoattractant protein-1 (MCP-1) in the gastrocnemius muscle. The homogenate and cDNA from the gastrocnemius muscle were prepared as described in MATERIALS AND METHODS. TNF-␣ (A) and MCP-1 (B) contents were measured using commercial kits. The mRNA expression levels of TNF-␣ (C) and MCP-1 (D) were normalized to 36B4 levels. Values are means Ϯ SE of 10 mice (for protein) and of 5 mice (for mRNA). **P Ͻ 0.01 and ***P Ͻ 0.001: significant difference between SAMR1-Cont and SAMP1-Cont and between SAMR1-Down and SAMP1-Down by unpaired t-test after a significant strain effect was detected by 2-way ANOVA. #P Ͻ 0.05 and ###P Ͻ 0.001: significant difference between SAMR1-Cont and SAMR1-Down and between SAMP1-Cont and SAMP1-Down by unpaired t-test after a significant exercise effect was detected by 2-way ANOVA. $P Ͻ 0.05 and †P Ͻ 0.05: significant difference vs. SAMP1-Cont and SAMP1-Down, respectively, by 1-way ANOVA and Fisher's test. Values are means Ϯ SE of 10 mice. GPx, glutathione peroxidase; GR, glutathione reductase; SOD, superoxide dismutase. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001: significant difference between SAMR1-Cont and SAMP1-Cont and between SAMR1-Down and SAMP1-Down by unpaired t-test after a significant strain effect was detected by 2-way ANOVA. #P Ͻ 0.05, and ###P Ͻ 0.001: significant difference between SAMR1-Cont and SAMR1-Down and between SAMP1-Cont and SAMP1-Down by unpaired t-test after a significant exercise effect was detected by 2-way ANOVA. †P Ͻ 0.05: significant difference versus SAMP1-Down by 1-way ANOVA and Fisher's test. muscle contractile force in SAMP1 (unpublished data), suggesting that the suppressive effect of catechin intake on muscle damage and loss of contractile force by downhill running is not due to improved basal muscle contractile properties.
In skeletal muscle, both sarcoplasmic reticulum Ca 2ϩ -and sarcolemma Na ϩ -K ϩ -ATPase have an important role in the excitation-contraction coupling process by regulating intracellular and extracellular Ca 2ϩ and Na ϩ concentrations. The activity of each ATPase molecule decreases when muscles lose force production due to prolonged exercise, which produces more oxidative stress (26, 35) . Oxidative stress induces oxidative modifications of Ca 2ϩ -ATPase protein, such as carbonylation (33) , whereas such modification is not reported in Na
Further, dysfunction of the ryanodine receptor (sarcoplasmic reticulum Ca 2ϩ release channel) is also caused by oxidative modifications (7). These findings indicate that higher levels of oxidative stress impair skeletal muscle contractile function, and therefore attenuation of excessive oxidative stress might be beneficial for maintaining contractile function. In this study, catechin consumption significantly attenuated the downhill exercise-induced decline in Ca 2ϩ -ATPase activity concomitant with decreased carbonylation in the muscle from SAMP1. In the preliminary experiment, a single administration of catechins did not significantly attenuate the decrease in muscle tetanic force production (P1-Cont: 10.4 Ϯ 1.2 g, P1-Down: 5.6 Ϯ 0.8 g, and P1-Cont: 7.5 Ϯ 0.8 g) or the increase in MDA level in muscle (P1-Cont: 0.9 Ϯ 0.1 nmol/mg protein, P1-Down: 1.5 Ϯ 0.1 nmol/mg protein, and P1-Cont: 1.3 Ϯ 0.1 nmol/mg protein), suggesting that these beneficial effects of catechins were likely due to some metabolic changes induced by long-term catechin intake.
The physiological response to oxidative stress is regulated by reduced and oxidized glutathione and several antioxidant enzymes such as GPx, GR, SOD, and catalase. As characteristics of SAMP, the GSH/GSSG ratio in the mitochondria of the SAMP8 heart is significantly lower than that in SAMR1 (50) . In addition, the GSH content in muscle from SAMP8 is significantly lower than that in C57BL/6J mice, whereas the GSSG content is significantly higher (47) . In the present study, the GSH content and GSH/GSSG ratio in nonexercising muscle homogenate from SAMP1-Cont were significantly lower than that in SAMR1-Cont. The lower GSH and GSH/GSSG ratio in SAMP1 were attributed to higher GPx activity and lower GR activity. On the other hand, catechin consumption significantly attenuated the downhill running-induced decrease in the GSH/GSSG ratio in the muscle from SAMP1 accompanied by inhibition of the decrease in GR activity by exercise. These findings are consistent with those of a previous report that green tea extract increases GSH content and GR activity in the liver (56) . The higher SOD activity in SAMP1 is considered to be a protective response against excess oxidative stress given the finding that antioxidant enzyme activity increased in response to the higher malondialdehyde and carbonylated protein levels in aged muscle (8) .
Recent studies demonstrated that oxidative stress and inflammation negatively affect muscle contractile properties and induce physical fatigue (16, 48) . In the resting condition, the muscles from SAMP1 showed a significant higher carbonylated protein and MCP-1 protein levels. In addition, carbonylated protein, MCP-1, and TNF-␣ levels were significantly increased by downhill running, particularly in SAMP1. These results suggest that aging increases oxidative stress and inflammation in nonexercising muscle and induces vulnerability to injurious exercise. Suppression of the exercise-induced oxidative stress and inflammatory response by catechins contributes, at least in part, to the maintenance of muscle function.
Although the transcriptional inhibition of inflammatory mediators by catechins has not been fully established, one explanation is that catechins inhibit nuclear factor (NF)-B activation (57, 63) . NF-B has a crucial role in the inflammatory process through the regulation of various inflammatory cytokines such as TNF-␣ and MCP-1 (5, 59). Moreover, NF-B is activated in muscle by acute exercise (23) . Therefore, catechins might inhibit activation of NF-B by downhill running, which in turn leads to decreased transcriptional increases in MCP-1 and TNF-␣.
In summary, we demonstrated that catechin consumption attenuates the aging-associated susceptibility to muscle damage immediately after downhill running through suppressing the decrease in Ca 2ϩ -ATPase activity and the increases in oxidative stress and inflammatory cytokines. The present results suggest that catechins could be useful for preventing muscle injury and subsequent loss of muscle force production after injurious exercise. Because the present study lacks a catechin-fed SAMR1 mouse group, however, the effect of catechin consumption on the normally aging muscle requires further elucidation, and additional studies are needed.
